The interferon (IFN) response is the earliest host immune response dedicated to combating viral infection. As such, viruses have evolved strategies to subvert this potent antiviral response. Two closely related gammaherpesviruses, Kaposi's sarcoma-associated herpesvirus (KSHV) and rhesus macaque rhadinovirus (RRV), are unique in that they express viral homologues to cellular interferon regulatory factors (IRFs), termed viral IRFs (vIRFs). Cellular IRFs are a family of transcription factors that are particularly important for the transcription of type I IFNs. Here, we demonstrate a strategy employed by RRV to ensure rapid inhibition of virus-induced type I IFN induction. We found that RRV vIRF R6, when expressed ectopically, interacts with a transcriptional coactivator, CREB-binding protein (CBP), in the nucleus. A ctivation of type I interferons (IFNs) is a fundamental component of a host's antiviral response. Type I IFNs (alpha and beta interferon [IFN-␣ and -␤]) are produced by virus-infected cells and are responsible for initiating the primary response to viral infection. IFN-␣ is produced largely by plasmacytoid dendritic cells (pDCs) (1), whereas IFN-␤ is produced by a variety of cell types, including epithelial and endothelial cells, fibroblasts, monocytes/macrophages, and B cells (2, 3). The induction of IFNs is a tightly regulated process controlled by IFN regulatory factors (IRFs). Within the broad family of IRFs, IRF3 and -7 are specifically important for the induction of type I IFNs (4, 5). IRF3 is constitutively expressed in all cell types, while IRF7 is induced by type I IFNs. As a consequence of viral infection or treatment with double-stranded RNA (dsRNA), inactive cytoplasmic IRF3 is phosphorylated, after which it forms a homodimer and is translocated to the nucleus (2, 5). Phosphorylated IRF3 (pIRF3) then interacts with the transcriptional coactivator CREB-binding protein (CBP)/p300 and binds the positive regulatory domain I (PRDI)-PRDIII element of the IFN-␤ promoter, thus inducing transcription. To effectively establish infection within a host, viruses have evolved a variety of mechanisms that specifically target cellular IRFs, induction of IFNs, and downstream signaling pathways induced by IFNs (6-8).
A ctivation of type I interferons (IFNs) is a fundamental component of a host's antiviral response. Type I IFNs (alpha and beta interferon [IFN-␣ and -␤]) are produced by virus-infected cells and are responsible for initiating the primary response to viral infection. IFN-␣ is produced largely by plasmacytoid dendritic cells (pDCs) (1) , whereas IFN-␤ is produced by a variety of cell types, including epithelial and endothelial cells, fibroblasts, monocytes/macrophages, and B cells (2, 3) . The induction of IFNs is a tightly regulated process controlled by IFN regulatory factors (IRFs). Within the broad family of IRFs, IRF3 and -7 are specifically important for the induction of type I IFNs (4, 5) . IRF3 is constitutively expressed in all cell types, while IRF7 is induced by type I IFNs. As a consequence of viral infection or treatment with double-stranded RNA (dsRNA), inactive cytoplasmic IRF3 is phosphorylated, after which it forms a homodimer and is translocated to the nucleus (2, 5) . Phosphorylated IRF3 (pIRF3) then interacts with the transcriptional coactivator CREB-binding protein (CBP)/p300 and binds the positive regulatory domain I (PRDI)-PRDIII element of the IFN-␤ promoter, thus inducing transcription. To effectively establish infection within a host, viruses have evolved a variety of mechanisms that specifically target cellular IRFs, induction of IFNs, and downstream signaling pathways induced by IFNs (6-8).
Kaposi's sarcoma (KS)-associated herpesvirus (KSHV) and rhesus rhadinovirus (RRV) are two closely related gamma-2 herpesviruses that are capable of inducing lymphoproliferative disorders in their respective immunocompromised hosts. Both KSHV and RRV encode multiple viral homologues to cellular proteins that play various roles in cellular processes, such as apoptosis, cellular growth and differentiation, and immune signaling. These viral proteins have the ability to manipulate the host environment in a manner that maximizes conditions for efficient viral replication. In particular, these viral homologues, namely, viral CD200 (vCD200), viral interleukin 6 (vIL-6), viral G protein-coupled re-ceptor (vGPCR), and the viral interferon regulatory factors (vIRFs), are critical modulators of the immune response and cell growth and also major players in disease pathogenesis (6) . Although it is a common attribute of many viruses to carry genes that subvert the immune system, KSHV and RRV are unique in that they are the only two viruses known to encode vIRFs, which are homologous to cellular IRFs (9) (10) (11) (12) . RRV encodes a cluster of 8 vIRFs, with genes localized in the same genomic region as the genes encoding 4 vIRFs found in KSHV (9, 12) . The unique sequence homology shared between the vIRFs and cellular IRFs suggests a possible role for vIRFs in evasion of the IFN response. In fact, it has been shown that 3 of the KSHV vIRFs (vIRF1, -2, and -3) disrupt functions of cellular IRFs, ultimately altering IFN induction, as well as downstream signaling of IFN (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Interestingly, each of these vIRFs has distinct functions in targeting particular elements of the IFN response. For example, KSHV vIRF1, the best studied of the IRFs, blocks transcription of type I IFNs in a variety of ways. KSHV vIRF1 binds the transcriptional coactivator proteins CBP and p300, thus interfering with their binding and function (14, 18, 26, 27) . Also, the interaction between vIRF1 and p300 displaces CBP/p300-asssociated factor (pCAF), a protein that possesses histone acetyltransferase (HAT) activity, effectively inhibiting the HAT activity of p300, which is important for altering chromatin structure and making DNA available for transcription (26) . Furthermore, vIRF1 can displace IRF3 from CBP/p300, thus inhibiting the transcriptional activity of IRF3 (18) . KSHV vIRF2 blocks both NF-B-and IRF1-dependent IFN-␤ transcription (15) and has recently been found to target IFN-stimulated gene (ISG) factor 3 (ISGF3) as a means of inhibiting type I IFN signaling (25) . Work on KSHV vIRF3 has been less clear, as some studies have reported an increase in IFN-␣ transcription and expression in the presence of vIRF3 (17) and others have shown inhibition of IRF7-mediated signal transduction (22) and decreased IFN-␣ expression (16) . Not only do KSHV vIRFs function to limit the IFN response, but they also play a significant role in modulation of the cell cycle and apoptosis. When expressed in NIH 3T3 cells, vIRF1 displayed oncogenic properties, and this was further corroborated when vIRF1-expressing cells formed tumors after injection into nude mice (21) . Furthermore, KSHV vIRF1, -3, and -4 all act as negative modulators of the p53 pathway, a vital pathway involved in the induction of cell cycle arrest or apoptosis and thus important in tumor suppression (27) (28) (29) (30) (31) . Additionally, KSHV vIRF2 downregulates CD95L expression in activated T cells, thus inhibiting activation-induced cell death (32) and providing evidence for yet another immunomodulatory function of the KSHV vIRFs. The above-mentioned studies have provided a vast amount of insight into the molecular mechanisms of the KSHV vIRFs, albeit the majority of the work has been done in the absence of de novo KSHV infection. This is mainly due to the fact that in vitro replication of KSHV is particularly inefficient. RRV, however, displays robust lytic replication in vitro, and with its 8 vIRFs that share homology to the KSHV vIRFs, RRV provides a suitable model for the study of the function of vIRFs early in de novo infection.
Recent studies have tested whether the RRV vIRFs are capable of antagonizing the function of cellular IRFs and IRF-mediated induction of IFN (33, 34) . This was achieved via the construction of a recombinant RRV lacking all 8 vIRF open reading frames (ORFs) (vIRF-ko RRV) (33) , the backbone of which is derived from a bacterial artificial chromosome (BAC) clone of wild-type (WT) RRV 17757 (WT BAC RRV) (35) . Infection of rhesus macaques with vIRF-ko RRV resulted in lower viral loads and increased levels of plasma IFN-␣. Interestingly, although persistence was established in the absence of the RRV vIRFs, decreased levels of persistent virus were detected in B cells, along with decreased development of B cell hyperplasia (34) . The decrease in B cell hyperplasia, however, could be due to smaller amounts of circulating virus within these animals. In vitro, the vIRFs prevented early nuclear accumulation of pIRF3, the activated state of the transcription factor that prompts the induction of type I IFNs (33) . No change was observed, however, in total IRF3 levels or in IRF3 dimerization, indicating that the mechanism of action of the RRV vIRFs occurs after IRF3 phosphorylation, potentially by interfering with nuclear accumulation of pIRF3 itself (33) . Examination of individual RRV vIRFs in the absence of infection revealed a potential interaction between R6 and IRF3 and also identified R6 as an important inhibitor of IRF3-mediated transcription (33) .
To further dissect the potential immunomodulatory role of R6, we examined its effect on the induction of IFN and the signaling cascade leading up to IFN-␤ transcription. Here, we show a delay in IRF3-mediated transcription, in accordance with previous data (33) , along with a decrease in the transcription of IFN-␤. In terms of the mechanism, we found that R6 competes with IRF3 for binding to CBP, resulting in a decrease of IRF3/CBP complexes present on the IFN-␤ promoter. Remarkably, we detected R6 in purified virus preparations, as well as in the context of infection without protein translation. Our results strongly suggest that R6 is a virion-associated protein that functions to inhibit early type I IFN responses in virus-infected cells.
and sonicated twice for 30 s each time. The intracellular-virus-containing pellet was freeze-thawed, sonicated 2 times for 30 s each time, and centrifuged at 1,000 ϫ g for 15 min at 4°C, and the supernatant was saved for further processing. The supernatants containing either extracellular virus or intracellular virus were then pelleted through a 30% sorbitol cushion in a Beckman SW41 rotor at 18,000 rpm for 1 h at 4°C. The pellets were resuspended in 1 ml 1ϫ PBS, layered on a 20 to 60% sorbitol step gradient, and spun in a Beckman SW41 rotor at 18,000 rpm for 2 h at 4°C. The virus band was collected at the 50%-60% interface, which coincides with infectious virus as defined by plaque assay. The gradient-purified preparation was diluted in 15 ml cold 1 mM Tris-HCl and then pelleted by centrifugation in the SW41 rotor at 18,000 rpm for 50 min at 4°C. The virus pellet was then resuspended in Hanks' balanced salt solution (HBSS) plus 2% FBS and stored at Ϫ80°C.
Plasmid transfections and virus infections of cell cultures. tRFs and tRF-ISREs were transfected with the indicated expression plasmids using the TransIT-LT1 transfection reagent (Mirus Bio). Transfections proceeded for 40 h before transfection of poly(I · C). The transfection efficiency for the tRFs was approximately 10 to 40%, as defined using the pQ100 plasmid encoding enhanced green fluorescent protein (eGFP) under the transcriptional control of the EF1-alpha promoter. RFs, tRFs, and tRF-ISREs were infected at an MOI of 2. and protease inhibitors [100ϫ cocktail; Sigma]), followed by incubation with Protein A/G Plus-agarose (Santa Cruz) and eluted in radioimmunoprecipitation assay (RIPA) buffer (native lysis buffer with 0.1% SDS and 0.5% sodium deoxycholate). Whole-cell extracts were collected in RIPA buffer, and nuclear and cytoplasmic lysates were collected according to kit protocols (NE-PER; Thermo Scientific). Samples were analyzed with Novex 4% to 12% Tris-Bis Mini Gels (Life Technologies Inc., Carlsbad, CA), and proteins were then transferred onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories Inc., Hercules, CA) via semidry transfer (30 min at 15 V at room temperature).
The membranes were blocked for 1 h in TBS-T (Tris-buffered saline with 0.1% Tween 20) containing 5% bovine serum albumin (BSA) and subsequently probed with the following antibodies. The primary antibodies used in this study were anti-HA PAb (Y-11; Santa Cruz), anti-HA monoclonal antibody (MAb) (HA-7; Sigma), anti-CBP PAb (A-22; Santa Cruz), anti-IRF3 (SL-12; Santa Cruz), anti-human phosphor-IRF3 (Ser396) (4D4G; Cell Signaling Technology, Beverly, MA), anti-TBK (M-375; Santa Cruz), anti-human poly(ADP-ribose) polymerase 1/2 (PARP1/2) PAb (H-250; Santa Cruz), anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) MAb (SC-51906; Santa Cruz), and anti-RRV major capsid protein (MCP) MAb (Monoclonal Antibody Core, Vaccine and Gene Therapy Institute, Beaverton, OR). Secondary antibodies consisted of horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Santa Cruz) and goat anti-rabbit IgG-HRP (Cell Signaling). The membranes were treated with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific), and bands were detected by exposing the membranes to X-ray film (Kodak; BioMax XAR film). The films were developed and band intensities were determined using densitometry in ImageJ.
Immunofluorescence. Cells were grown on glass coverslips in 12-well plates and fixed with 4% paraformaldehyde in PBS (20 min at room temperature). The cells were then permeabilized and blocked in 5% normal goat serum (NGS)-0.1% Triton X in PBS (PBST) (1 h at room temperature) prior to staining, and all subsequent steps were performed with 1% NGS-PBST. Cells on coverslips were stained with anti-human IRF3 MAb (clone SL012.1; BD Pharmingen, San Diego, CA) or anti-CBP PAb (A-22; Santa Cruz) overnight at 4°C and subsequently stained with anti-mouse IgG-Texas Red (Vector Laboratories, Burlingame, CA) or anti-rabbit IgG-Texas Red (Vector Laboratories), respectively. The cells were then stained with anti-HA-fluorescein isothiocyanate (FITC) (HA-7; Sigma) (2 h at room temperature), and nuclei and/or DNA was detected by using Hoechst 33258 dye. Cells on coverslips were mounted onto slides using Vectashield (Vector Laboratories) and examined on a Zeiss Axio Imager.M1 microscope (Zeiss Imaging Solutions, Thornwood, NY). Images were acquired by using a Zeiss Axiocam camera (MRm) with Axiovision software (version 4.6) and subsequently processed by using Adobe Photoshop (Adobe Systems, San Jose, CA).
RNA isolation and RT-PCR. RNA was isolated from tRFs by using TRI reagent (Sigma), and DNA endonuclease (RQ1) was used to remove DNA from RNA preparations (Promega, Fitchburg, WI) according to commercial-kit protocols. Reverse transcription (RT)-PCR was performed by using Superscript III one-step RT-PCR with Platinum Taq (Life Technologies Inc., Carlsbad, CA). Transcripts were detected with the following primers: IFN-␤ 5= primer (5=-GAC GCC GCA TTG ACC ATC TA-3=), IFN-␤ 3= primer (5=-CCT TAG GAT TTC CAC TCT GAC T-3=), GAPDH 5= primer (5=-GTG GAT ATT GTT GCC ATC AAT-3=), and GAPDH 3= primer (5=-ATA CTT CTC ATG GTT CAC ACC-3=). All data were normalized to the level of GAPDH in each sample.
Construction of R6HA RRV. The construction of R6HA RRV was achieved by using the WT RRV BAC (35) in conjunction with the galK recombination system in Escherichia coli SW105 cells (37) . Initially, a BAC clone lacking R6 was generated by recombination with a galK cassette flanked by 50-bp arms homologous to the region outside the R6 ORF (nucleotides [nt] 76216 to 80463), and a clone lacking R6 was identified. Next, a DNA cassette possessing C-terminally HA-tagged R6 and 50-bp flanking homology arms was cloned into pcDNA3.1(Ϫ) and sequenced. The HA-tagged R6 cassette, along with the homology arms, was excised from the expression vector and used to replace the galK cassette. GalKnegative recombinants were selected for resistance to 2-deoxygalactose in minimal medium with glycerol as the sole carbon source. Individual R6HA RRV clones were analyzed via restriction digestion in conjunction with Southern blot analysis and were subsequently analyzed via comparative genome hybridization (CGH) (NimbleGen Systems, Inc., Madison, WI), as described previously (35) . Single-step growth curve analysis (MOI ϭ 2.5) revealed no difference between R6HA RRV and WT BAC RRV. RT-PCR analysis of total cellular RNA isolated from R6HA-or WT BAC RRV-infected cells to detect R6, R7, ORF57, and cellular GAPDH transcripts was performed using ORF-specific primers as described previously (33) .
Generation of a doxycycline-inducible stable cell line. The pLVX lentivirus vector system was utilized for constructing a stable doxycycline (Dox)-inducible cell line. The cell lines and vectors used in the construction of this cell line were obtained from Victor DeFilippis (Vaccine and Gene Therapy Institute, Beaverton, OR). The pLVX-R6HA plasmid was constructed by subcloning full-length HA-tagged R6 from the pcDNA3.1(Ϫ) expression vector, described in reference (33) , into the pLVX-Tight-Puro retroviral vector. Replication-defective recombinant retrovirus was produced by transfecting the retroviral vector into HEK 293T/17 cells, along with a 2nd-generation packaging system (packaging plasmid psPAX2 and envelope plasmid pMD2.g). The supernatant was harvested 48 h later, purified by centrifugation, and filtered through a 0.45-m filter to remove cell debris. Target cells (tRFs containing a Doxresponsive transactivator [tRF-rtTAs]) were exposed to the purified retrovirus for 3 h in the presence of Polybrene to facilitate infection, and this process was repeated once more 48 h later. Once the cells reached confluence, they were grown in DMEM plus 10% Tet-free FBS containing 1.5 g/ml puromycin (Sigma) and 150 g/ml hygromycin B (Fisher Scientific, Pittsburgh, PA). The cells were continually passaged in the presence of increasing concentrations of puromycin and hygromycin B (3 g/ml and 300 g/ml, respectively) until the cells were fully resistant. In order to determine the optimal concentration of Dox and duration of Dox treat-ment, cells were experimentally treated with Dox at various concentrations and for various lengths of time. We found that 1 g/ml of Dox for 24 h yielded the most protein expression.
EMSA. Nuclear extracts were prepared after transfection or infection according to kit protocols (NE-PER; Thermo Scientific). Equivalent amounts of nuclear extract (20 g) were assayed for IRF3 and CBP binding in gel shift analysis using a 3=-biotin-labeled double-stranded oligonucleotide corresponding to the PRDI-PRDIII region of the IFN-␤ promoter: 5=-GAAAACTGAAAGGAGAACTGAAAGTG-3=. Biotin labeling was performed using a DNA 3=-end biotinylation kit (Thermo). Complexes were formed by incubating the probe (final concentration, 20 fmol) with 20 g of nuclear lysate in the presence or absence of the indicated antibodies. The binding reaction mixture (20 l) contained 2.5% glycerol, 5 mM MgCl 2 , 0.05% NP-40, and 50 ng/l poly(dI-dC) to reduce nonspecific binding. To demonstrate the specificity of protein-DNA complex formation, 500-fold molar excess of unlabeled wild-type oligonucleotide corresponding to the PRDI-PRDIII region of the IFN-␤ promoter was added before adding labeled probe or was preincubated with anti-CBP (H100; Santa Cruz) or anti-IRF3 (SL-12; Santa Cruz). After 20 min of incubation with probe, binding reaction mixtures were loaded on a Novex 6% DNA retardation gel (Life Technologies) and run for 1 h at 100 V. Samples were then transferred to a positively charged nylon membrane (Immobilon-Nyϩ; Millipore, Billerica, MA) via semidry transfer (30 min at 15 V at room temperature) and detected using streptavidin-HRP chemiluminescence for biotin-labeled probes (LightShift Chemiluminescent electrophoretic mobility shift assay [EMSA] kit; Thermo Scientific). The membranes were exposed to X-ray film, and band intensities were analyzed by densitometry in ImageJ.
Luciferase assay. IRF3-mediated transcription was measured by using tRFs carrying the firefly luciferase gene driven by the ISRE in the promoter (tRF-ISREs), generously provided by Victor DeFilippis. The firefly luciferase readings were normalized to the constitutive expression of Renilla luciferase (pRL-SV40; Promega). tRF-ISREs were transfected for 40 h with 50 ng pcDNA3.1-R6HA or empty pcDNA3.1(Ϫ), along with 10 ng pRL-SV40. The cells were then transfected with 10 g poly(I · C) for 8 h or the indicated time and analyzed with the Dual-Glo luciferase assay according to the manufacturer's protocol (Promega). For infection studies, tRF-ISREs were transfected with the pRL-SV40 plasmid to constitutively express Renilla, infected with individual RRV isolates, and analyzed with the Dual-Glo luciferase assay at defined times postinfection.
Immunogold EM. Gradient-purified virus preparations of extracellular R6HA RRV were fixed in 2.5% gluteraldehyde, pelleted, and embedded in resin. Thin sections were made, incubated with anti-HA antibody (Y-11; Santa Cruz), and subsequently incubated with 10-nm gold-conjugated secondary goat anti-mouse IgG (Ted Pella Inc., Redding, CA). The percentage of virion-localized gold particles was determined by manually The values are relative to GAPDH levels. The data were analyzed using a paired t test. P values of less than 0.05 were considered significant, and values greater than 0.05 were not significant (NS).
counting the gold particles associated with virions, as well as total gold particles, within three separate fields of view. This was then used to calculate the percentage. Samples were imaged at 120 kV on a FEI Tecnai Spirit transmission electron microscopy (TEM) system. Images were acquired as 2,048-by 2,048-pixel, 16-bit gray scale files using FEI's TEM imaging and analysis (TIA) interface on an Eagle 2K charge-coupled-device (CCD) multiscan camera.
Statistical analysis. Data were analyzed using GraphPad Instat (GraphPad Software, La Jolla, CA), and significant differences were determined using a paired t test, with P values of Յ0.05 considered significant and P values from 0.05 to 0.1 considered to indicate a significant trend.
RESULTS

R6 vIRF is sufficient for the inhibition of IFN-␤ transcription.
Since nuclear accumulation of pIRF3 was inhibited at time points earlier than 8 h p.i. with WT RRV and not vIRF-ko, it was important to characterize the early kinetics of R6 on IFN production that was previously observed (33) in order to determine if R6 was indeed responsible for pIRF3 modulation. To achieve this, tRFISREs were transfected with an R6 expression clone with a C-terminal HA tag or empty vector as a control, and the cells were then transfected 40 h later with poly(I · C) to induce the activation of IRF3. Luciferase levels were analyzed at 6, 8, 10, 12, and 24 h post-poly(I · C) transfection as a means of tracking the early effects on transcription. Relative luciferase units (RLU) were determined by defining 100% RLU as the output of poly(I · C)-transfected cells transfected with empty vector at 8 h. A significant decrease in luciferase was observed in the presence of RRV vIRF R6 at 6 and 8 h post-poly(I · C) transfection. Similar to previous results, R6 expression led to a reduction in luciferase levels at all time points post-poly(I · C) transfection compared to empty vector. (Fig. 1A) . A decrease in luciferase was also evident pre-poly(I · C) transfection in R6HA-transfected cells compared to empty vector. We believe this is most likely due to the presence of R6HA. Cellular IRF3, upon activation and nuclear translocation, induces IFN-␤ transcription by binding to the IRF element (IRF-E) present in the PRD of the IFN-␤ promoter (38) . IFN-␤ then acts in an autocrine and paracrine fashion to stimulate the transcription of ISGs. To determine if the effect on IRF3-mediated transcription by R6 vIRF directly impacts IFN transcription, IFN-␤ transcripts were analyzed with or without ectopic expression of R6. We found that induction of IFN-␤ in R6-transfected tRFs was diminished by nearly 50% at 8 h post-poly(I · C) transfection, in contrast to cells transfected with empty vector (Fig. 1B) . These data demonstrate that in cells transfected with poly(I · C) to induce IRF3 activation, R6 vIRF is sufficient for early inhibition of IFN-␤ transcription.
R6 affects IRF3 translocation to the nucleus and interacts with CBP. In order to delineate the mode of action of R6 in the inhibition of IFN-␤ transcription, the cellular localization of R6 was examined by Western blotting, as well as immunofluorescence. In transfected cells, R6 vIRF was localized to both the nucleus and the cytoplasm, with a majority of the protein expressed in the nucleus ( Fig. 2A and B) . Similar to previous results (33) , colocalization was observed between IRF3 and R6 in poly(I · C)-transfected cells and was not restricted to either the cytoplasm or the nucleus. This was also observed by coimmunoprecipitation of R6 with IRF3 (33) . We also evaluated the intracellular localization of IRF3 in the presence or absence of R6. Localization was addressed via immunofluorescence assay (IFA) over time ( Fig. 2A) . Poly(I · C)-transfected cells previously transfected with a green fluorescent protein (GFP)-expressing vector (pQ100) as a control for our transfection, showed accumulation of IRF3 within the nucleus. In the presence of R6 vIRF, however, IRF3 localization was diffuse throughout the cell and did not accumulate in the nucleus at any time point examined. These data indicate that R6 affects the localization of IRF3.
We next wanted to investigate whether R6 interacts with other cellular proteins that associate with pIRF3 in the nucleus. Upon its phosphorylation and dimerization, pIRF3 translocates to the nucleus, where it associates with other components of the enhanceosome (i.e., NF-B and ATF-2/c-Jun) and further recruits RNA polymerase, chromatin-remodeling complexes, and histonemodifying complexes, such as CBP/p300 (39) . This complex of proteins is referred to as the transcriptional preinitiation complex and is responsible for the transcription of IFN-␤. Interestingly, IRF3 lacks intrinsic transcriptional activity, and therefore, the specific interaction between IRF3 and CBP/p300 is critical for the activation of transcription (40) (41) (42) . This complex has been shown to be targeted by both KSHV vIRF1 (18) and HSV-1 ICP0 (43) via direct interaction as a means of inhibiting IFN-␤ transcription. To examine the possibility of R6 and CBP interaction, coimmunoprecipitation experiments were performed on whole-cell lysates of tRFs transfected with vector expressing HA-tagged R6 vIRF and subsequently transfected with poly(I · C). Lysates were immunoprecipitated with anti-CBP PAb, followed by Western blotting using an anti-HA antibody. The results showed that R6 is able to interact with endogenous cellular CBP at all time points. Interestingly, we detected evidence of a second band with the anti-HA antibody that migrates slightly faster than the predominant band, which could suggest that R6 undergoes a posttranslational modification that leads to the slower-migrating band. The specificity of this interaction is supported by the lack of an interaction observed between HA-tagged R7 vIRF and CBP (Fig. 2B) .
R6 prevents formation of a functional IRF3/CBP complex. Since R6 vIRF was shown to inhibit IRF3-mediated transcription (33) (Fig. 1A ) and to associate with CBP (Fig. 2B) , it was of particular interest to determine if R6 could interact with CBP and 40 h and subsequently transfected with poly(I · C) for 6 h. Nuclear lysates were immunoprecipitated with anti-CBP antibody and then subjected to SDS-PAGE and probed with anti-HA antibody or anti-pIRF3 antibody. The nuclear lysates were probed for HA expression, with PARP as a loading control and a control for purity of nuclear fractionation. (B) EMSA was performed on whole-cell extracts (20 g) derived from telomerized RFs transfected with pcDNA3.1-R6HA or empty pcDNA3.1. The biotin-labeled probe corresponds to the PRDI-PRDIII motif (5=-GAAAACTGAAAGGAGAACTGAAAGTG-3=) of the IFN-␤ promoter. Anti-CBP antibody and anti-IRF3 antibody were added as indicated to demonstrate the presence of CBP and IRF3 in the DNA-protein complexes. For oligonucleotide competition, a 500-fold molar excess of unlabeled PRDI-PRDIII probe was added as indicated. (C) Telomerized RFs were pretreated with MG132 or left untreated. The cells were then transfected with pcDNA3.1-R6HA or empty pcDNA3.1 for 40 h and then transfected with poly(I · C) for 6 h. Whole-cell lysates were immunoprecipitated with anti-IRF3 or anti-TBK and then subjected to SDS-PAGE and probed with anti-IRF3 or anti-TBK to gauge total levels of IRF3 and TBK within the cells. The nuclear lysates were subjected to SDS-PAGE and probed with anti-pIRF3 antibody or PARP, which served as a loading control and a control for purity of nuclear fractionation.
impede CBP/IRF3 complex formation. To evaluate this, we transfected increasing amounts of HA-tagged R6 into tRFs and, 40 h later, transfected them with poly(I · C) to trigger IRF3 translocation. Cells were harvested at 6 h post-poly(I · C) transfection, and nuclear extracts were then isolated and immunoprecipitated with anti-CBP antibody, followed by Western blotting with anti-pIRF3 and anti-HA antibodies. The coimmunoprecipitation data revealed an interaction between CBP and pIRF3, as well as between CBP and R6, suggesting two distinct populations of CBP in the cell or a complex that is comprised of CBP/pIRF3/R6. Interestingly, we observed a slight decrease in binding of pIRF3 when cells were transfected with large amounts (20 g) of R6, suggesting that, at increased concentrations, R6 can diminish pIRF3/CBP complex formation (Fig. 3A) .
In order to establish the functionality of pIRF3/CBP complexes in the presence of R6, we examined the DNA binding capability of the complex using the PRDI-PRDIII domain of the IFN-␤ promoter in EMSAs (Fig. 3B) . Similar to previous experiments, tRFs were transfected with HA-tagged R6 or empty vector for 40 h and subsequently transfected with poly(I · C) for 6 h. Nuclear lysates were harvested and then tested in a biotin-labeled PRDI-PRDIII oligonucleotide binding assay and subjected to EMSA. In the absence of R6, cells expressing endogenous and basal levels of pIRF3 and CBP displayed a protein-DNA complex indicated by a probe shift (Fig. 3B, lane 1) . To demonstrate the presence of IRF3 and CBP in the complex, nuclear extracts were preincubated with either anti-IRF3 or anti-CBP antibodies for 5, 10, or 20 min and then allowed to complex with the PRDI-PRDIII oligonucleotide (Fig. 3B, lanes 3 to 8) . It is important to note that these antibodies have been previously shown to ablate the ability of IRF3 and CBP to bind to the PRDI-PRDIII domain of the IFN-␤ promoter (18, 40) . A decrease in protein complex binding was observed after a 10-min preincubation with either antibody, with an even greater decrease after 20 min preincubation, indicating that both IRF3 and CBP are involved in binding the PRDI-PRDIII domain of the IFN-␤ promoter region. The specificity of the complex binding to the probe was determined by the addition of unlabeled PRDI-PRDIII oligonucleotide, which resulted in loss of binding to the biotin-labeled probe (Fig. 3B, lane 2) . Interestingly, ectopic expression of R6 resulted in a drastic reduction in probe binding by IRF3/CBP (Fig. 3B, lane 9) , suggesting that the presence of R6 disrupts the IRF3/CBP complex binding of the probe. This, along with the coimmunoprecipitation data, shows that in the presence of R6, IRF3/CBP complexes are less able to effectively bind the PRDI-PRDIII oligonucleotide. Increasing amounts of R6 did not fully abolish the interaction between IRF3 and CBP. This could be an effect of less than optimal transfection efficiency; however, it did result in decreased IRF3 bound to CBP. This suggests that R6 displaces IRF3 from CBP enough to impede its DNA binding activity, thus preventing the transcription of IFN-␤.
To determine if the decrease in pIRF3 by R6 is mediated by the proteasome, we transfected cells with R6-HA that were grown in the presence or absence of the proteasome inhibitor MG132. Through this analysis, we found that pIRF3 levels sharply decrease in the presence of R6 and that this effect can be reversed with the addition of MG132 (Fig. 3C ). This effect was specific to pIRF3, as total levels of IRF3 remained constant regardless of the addition of MG132.
We also evaluated changes in Tank-binding kinase (TBK) levels, as TBK is the main cellular kinase that is responsible for the phosphorylation and subsequent activation of pIRF3 upon Tolllike receptor (TLR) ligation. TBK levels were assessed by Western blotting and found to be stable regardless of R6 expression. These experiments demonstrate that R6 is capable of inhibiting IRF3/ CBP complex binding to the IFN-␤ promoter by displacing pIRF3 from CBP and that the presence of R6 results in proteasomemediated degradation of pIRF3.
R6 is associated with purified RRV virions. As we observed early inhibition of IFN stimulation, we postulated that R6 must act early to impede IRF3 activity. Currently, the lack of antibodies specific to the RRV vIRFs makes it particularly difficult to characterize the roles of individual vIRFs during infection. To circumvent this shortcoming, we utilized BAC technology to generate a recombinant virus in which R6 possesses a C-terminal HA epitope tag, allowing its detection. Importantly, all 7 other vIRFs are fully intact in this virus and left untagged. Insertion of the HA tag sequence into the R6 sequence was accomplished using the RRV BAC coupled with a galK-based positive/negative selection system in E. coli (37) , so that the R6 ORF was initially replaced with a galK cassette and then subsequently replaced with a recombinant R6-HA cassette containing HA sequence at the 3= end of R6. After isolation of an R6-HA-containing RRV BAC clone, DNA was isolated and used to produce infectious virus, as previously described (33) . The genome of the resultant virus was analyzed via CGH in order to compare the genomic sequence of R6HA RRV to that of WT BAC RRV 17757 (Fig. 4A) , confirming the correct insertion of the HA epitope sequence and demonstrating that the remainder of the genomic sequence outside the modified R6 ORF was identical to that of the parental WT BAC virus. Finally, the R6 HA virus was analyzed to confirm that modification of the R6 ORF did not have a negative effect on virus growth kinetics or transcription of neighboring ORFs compared to the WT BAC RRV 17577 . Our analysis revealed that the R6HA virus displayed growth kinetics similar to those of the WT BAC RRV (Fig. 4B) and that transcription of ORF57 and R7 was not adversely impacted (Fig. 4C) .
To evaluate the role of R6 during early RRV infection, it was first necessary to determine the expression kinetics of R6 in the first 8 h of infection. To that end, a CHX reversal assay was performed (Fig. 5A ). Cells were first treated with CHX, a protein translation inhibitor, and subsequently infected with R6HA RRV at an MOI of 2.5 for 6 h in the presence of CHX. CHX was subsequently removed, and cells were immediately prepared and analyzed for R6HA expression via IFA or kept in culture for analysis at later time points for kinetic analysis of expression. It was previously shown that R6 transcripts are detected in RRV-infected cells at 6 h postinfection, but not at 3 h p.i. (33) , and therefore, it was expected that the R6 protein would likely be present only at 6 h postinfection or later. Remarkably, however, the R6 protein was detected in infected cells even in the presence of CHX, suggesting that R6 came into the cells or that the conditions did not prevent de novo protein synthesis (Fig. 5A) . After removal of the CHX block, we observed R6 at 2 h and again at 6 and 8 h. R6 signal was noticeably diminished at 4 h after removal of the CHX block, which could suggest that the initial R6 signal was degraded and new R6 expression was due to de novo transcription and subsequent translation of the R6 ORF, whereas the first wave could potentially represent R6 protein that entered the cell during infection.
To determine if R6 entered the cell during the infection process, we analyzed equivalent numbers (1 ϫ 10 5 ) of PFU of gradi-ent-purified virus preparations of extracellular R6HA RRV, intracellular R6HA RRV, WT BAC RRV, and vIRF-ko RRV by SDS-PAGE, followed by immunoblot analysis with an anti-HA antibody, as well as a control antibody against RRV MCP (Fig.  5B) . As expected, MCP was found in all virus preparations. However, R6 was detected only in the extracellular and intracellular virus preparations of R6HA RRV, but not in WT BAC RRV or vIRF-ko RRV preparations. Interestingly, we also observed additional bands within the intracellular virus fraction when immunoblotting for HA. They could be additional forms of R6, potentially due to posttranslational modifications or processing, that are found only intracellularly. To further evaluate virion-associated R6, we performed immunogold electron microscopy on extracellular R6HA RRV and WT BAC RRV (Fig. 5C ). Gradient-purified R6HA RRV preparations were fixed, embedded, sectioned, and stained with anti-HA antibody and subsequently with a secondary antibody conjugated with 10-nm-diameter gold particles. Gold particles were seen on and within R6HA RRV particles (Fig.  5C, i ), but not in WT BAC RRV (Fig. 5C , ii) or in R6HA RRV incubated with secondary gold-conjugated antibody alone (Fig. 5C , iii) to assess the level of background. In three fields of view, the gold particles that colocalized with virions were manually counted and calculated as a percentage of the total number of gold particles viewed. Approximately 50% of the gold particles were localized to RRV virion particles (Fig. 5C, i, arrowhead) , with the majority of gold particles localizing to the virus tegument. No background was observed in R6HA RRV with secondary antibody alone. Some virions that were detected did not colocalize with gold particles. This could mean that not all virions contain R6 protein or that the section obtained did not contain R6, even though R6 may have been detected in other sections of the same virion. These data demonstrate that R6 is a virion-associated vIRF.
Virion-associated R6 is functional. To determine if virionassociated R6 is functional, we sought to test whether an R6-expressing cell line could complement the lack of R6 in the vIRF-ko virus. To accomplish this, we generated an R6HA-expressing cell line that controls for R6HA expression with a tetracycline-inducible promoter. This Dox-inducible cell line expressing R6 (tRFrtTA:R6HA) was constructed to evaluate if R6HA could be packaged in RRV virions to complement a vIRF-ko virus (Fig. 6A) . We choose to treat cells with 1.0 g/ml Dox for 24 h to allow the expression of HA-tagged R6 and then infect them with vIRF-ko RRV, as we found this concentration of Dox and time postinduction yielded higher R6HA production (data not shown). A total of 5 g of gradient-purified virus preparation was used to examine the presence of R6HA by Western blotting. Analysis of extracellular virus isolated from the Dox-induced tRF-rtTA:R6HA cell line showed that R6 was effectively packaged into vIRF-ko RRV virions compared to vIRF-ko grown in normal RFs. As controls, we utilized WT BAC RRV and R6HA RRV grown in normal RFs (Fig. 6B) .
To determine if the R6 protein associated with this complemented virus (vIRF-koR6 RRV) was capable of inhibiting the type I IFN response in infected cells, we infected the tRF-ISREs and measured the luciferase units (Fig. 6C) . Infection with either WT-BAC RRV or R6HA RRV resulted in a significant decrease in luciferase expression compared to vIRF-ko RRV at 8 h p.i. Likewise, vIRF-koR6 RRV inhibited luciferase expression, similar to levels that were seen in WT infection. To determine if this effect was dose dependent, R6HA expression was induced in tRFs with increasing amounts of Dox (0, 0.01, 0.1, and 1.0 g/ml), and each induced cell sample was subsequently infected with vIRF-ko RRV, thus potentially creating a panel of vIRF-koR6 RRVs containing increasing amounts of virion-associated R6. The resultant viruses were then tested in the luciferase assay by infecting the reporter cells at an MOI of 2.5. As anticipated, increased Dox-induced R6HA within the virion results in more of an inhibitory effect (Fig.  6D ). These data suggest that virion-associated R6 is not only functional, but is also capable of hindering the type I IFN response.
To further support our result, we analyzed the ability of virionassociated R6 to inhibit binding of transcription factors to the IFN-␤ promoter (Fig. 6E ). Cells were either pretreated with CHX or left untreated prior to and during virus infection. Treatment with CHX ensured that no new proteins would be translated, thus allowing direct examination of the effects of virion components. Infection with R6HA RRV in the presence of CHX led to decreased binding to the IFN-␤ promoter, indicating that intact virus carries within it an inhibitor that can ablate IRF3/CBP binding to PRDI-PRDIII. Conversely, vIRF-ko RRV infection of cells treated with CHX caused a 3-fold increase in the amount of probe that was shifted. These data, so far, show not only that RRV has a virionassociated protein that interferes with the IFN-␤ promoter, but also that this virion-associated protein is associated with the region of the vIRF ORFs. Finally, when cells were infected with vIRF-koR6 RRV, the level of protein complex binding to the IFN-␤ promoter decreased to nearly the levels observed in R6HA RRV infection. Overall, these results indicate R6 is an important virion-associated mediator of the type I IFN response and that at least one of its functions is to prevent the transcription of IFN-␤.
DISCUSSION
Approximately 25% of the KSHV genome is dedicated to immunomodulation (5). Of the 22 immunomodulatory genes carried by KSHV, those encoding the viral interferon regulatory factors are of particular interest, as they are unique to both gamma-2 herpesviruses, KSHV and the closely related RRV (8, 9, 12) . The eight vIRFs encoded by RRV display sequence homology to cellular IRFs, as well as KSHV vIRF1. In fact, R6, R7, R8, R10, and R11 all have similarities to KSHV vIRF1, ranging from 26 to 33% (12) . These similarities have led to the hypothesis that the RRV vIRFs may be modulators of cellular IRFs, thus interfering with the type I IFN response. This hypothesis was validated when in vivo and in vitro comparisons of WT BAC RRV and vIRF-ko RRV revealed sig- 5 PFU of gradient-purified virus samples (extracellular R6HA-RRV, intracellular R6HA-RRV, WT BAC RRV, and vIRFko-RRV) was subjected to SDS-PAGE and probed with anti-HA antibody and anti-MCP antibody as a control. (C) (i) Gradient-purified R6HA-RRV was fixed, pelleted, and sectioned. The sections were immunogold stained with anti-HA antibody and 10-nm gold-conjugated secondary antibody.
(ii) Gradient-purified WT BAC RRV was sectioned and immunogold stained with anti-HA antibody and 10-nm gold-conjugated secondary antibody as a control. (iii) R6HA-RRV sections were stained with 10-nm gold-conjugated secondary antibody alone as a control. Virus particles with gold particles are indicated by the white arrowhead, and virus particles with no gold particles are indicated by black arrowheads. nificant differences in the antiviral state early during infection (33, 34) . The RRV vIRFs were found to be responsible for a decrease in gene expression and IFN production, as well as decreased nuclear accumulation of pIRF3 during de novo infection with RRV. The findings on ectopic expression of R6 vIRF and its significant impact on the inhibition of IRF3-mediated transcription warranted further dissection of its potential immunomodulatory function.
The induction of IFN-␤ initiated by ligation of TLR3 and cytoplasmic sensors, such as RIG-I, MDA-5, and c-GAS, is largely orchestrated by IRF3, which is constitutively expressed in most cell types. IRF3 is rapidly activated after sensing these pathogenassociated molecular patterns (PAMPs), where they accumulate in the nucleus and commence transcription of type I IFNs. A reporter assay expressing firefly luciferase under the control of an ISRE was used to examine the kinetics of IFN induction upon independent expression of R6. These data showed a significant decrease in IFN production by R6 soon after poly(I · C) transfection, and the decrease was sustained even 8 h posttransfection. Additionally, analysis of IFN-␤ transcription revealed a nearly 50% decline in transcripts in the presence of R6, which further supports the immunomodulatory function of R6 vIRF.
The KSHV vIRFs target a variety of components in the pathways leading up to type I IFN induction. The vIRF1 protein suppresses the transcriptional activity of IRF3 (14, 18, 26, 27) and IRF1 (14, 24) by interfering with their binding to the transcriptional coactivator p300. vIRF2 disrupts NF-B-and IRF1-dependent transcription (15) , both of which are required for effective IFN-␤ transcription. Lastly, the DNA binding function of IRF7 has been shown to be inhibited by KSHV vIRF3 (22) . Knowing that the KSHV vIRFs are multifunctional and have diverse targets, it was important to first define the cellular localization of the R6 vIRF in order to pinpoint its primary mode of action. By Western blotting and immunofluorescence assay, R6 was found to be concentrated in, but not limited to, the nucleus. R6 was previously shown to coimmunoprecipitate and colocalize with IRF3 in both the nucleus and cytoplasm. Additionally, the vIRFs in RRV were found to prevent nuclear accumulation of IRF3 without having an effect on IRF3 phosphorylation or dimerization (33) . Therefore, the effect of R6 on phosphorylated IRF3 was explored. What was particularly interesting was the lack of pIRF3 concentration within the nuclei of cells expressing R6, especially at 6 and 8 h post-poly(I · C) transfection. Phosphorylated IRF3 was likely not being sequestered in the cytoplasm, as there was no observed accumulation of cytoplasmic pIRF3. The fact that pIRF3 was still able to enter the nucleus at early time points, and that R6 is primarily localized to the nucleus, led to the conclusion that R6 likely acts on the function of IRF3 within the nucleus. A vital step in the activation of IFN-␤ transcription is the binding of pIRF3 to the transcriptional coactivator and histone acetyltransferase CBP. Similar to KSHV vIRF1, RRV R6 binds to CBP and IRF3 and interferes with the DNA binding capacities of these IRF3/CBP complexes (Fig. 7) . Interestingly, R6 does not inhibit IRF3 binding to CBP as potently as KSHV vIRF1 does. However, this may be a result of transfection efficiency.
It is not unprecedented for a virus to prepackage antiviral mediators within the virion in order to quickly dampen the immune response. A prime example is KSHV ORF45, which is not only virion associated, but also inhibits type I IFN induction by specifically blocking the phosphorylation and nuclear accumulation of IRF7 (44) (45) (46) . RRV does in fact encode a homologue of KSHV ORF45, and the RRV and KSHV ORF45s share approximately 24% amino acid identity. RRV ORF45 has also been found within the tegument of virion particles, but its immunomodulatory functions have yet to be explored (47) . Given that ectopic expression of RRV vIRF R6 hampered IFN-␤ transcription very soon after poly(I · C) transfection, this led to our investigation of whether R6 might be a virion-associated protein. In this study, we show that R6 is indeed virion associated, as seen by immunofluorescence and electron microscopy. Furthermore, virion-associated R6 can inhibit IRF3/CBP DNA binding and therefore inhibit IFN-␤ tran-scription. The prompt inhibition of the type I IFN response may be especially crucial in endothelial and epithelial cells, as they are some of the first cells to be infected and are also key producers of IFN-␤. The potent antiviral response mediated by type I IFNs is brought about by further activation of ISGs, whose products inhibit various stages of viral replication. It is therefore of the utmost importance for RRV to quickly downmodulate IFNs. Not only do type I IFNs play a significant role in the innate immune response to infection, but also, they are vital in the downstream development of the adaptive immune response to the infection at hand. For example, type I IFNs enhance the expression of major histocompatibility complex class I (MHC-I), thereby promoting antigen presentation and development of an effective CD8 ϩ T cell response (48) . In addition, type I IFNs have dramatic effects on natural killer (NK) cells (49, 50) and CD4 ϩ and CD8 ϩ T cells (51, 52) , as well as dendritic cells (DCs) (53) (54) (55) (56) . In fact, it was previously shown that complete deletion of all 8 RRV vIRFs initiates an earlier T cell response (34) , and therefore, it could be postulated that the IFN-␤ inhibition mediated by virion-associated R6 contributes to the delayed T cell response observed in WT RRV infection. It would be particularly interesting to create an R6 deletion mutant of RRV and to determine the phenotype of this virus and the ensuing immune response. These data show that RRV has a prepackaged vIRF for immediate delivery into target cells upon de novo infection, thus providing the virus with a direct mechanism to inhibit or slow the innate immune response. We postulate that virion-associated R6 functions to enable RRV to successfully establish infection and further progress in its viral life cycle, including transcription of the remaining vIRFs, without a robust type I IFN response from the host.
